Abstract. Dilated cardiomyopathy (DCM), the most common form of primary myocardial disease, is an important cause of sudden cardiac death and heart failure and is the leading indication for heart transplantation in children and adults worldwide. Recent studies have revealed a strong genetic basis for idiopathic DCM, with many distinct genes causally implicated. Nevertheless, DCM is a genetically heterogeneous disorder and the genetic determinants underlying DCM in a substantial proportion of patients remain unclear. In this study, the whole coding exons and flanking introns of the GATA binding protein 5 (GATA5) gene, which codes for a zinc-finger transcription factor essential for cardiovascular development and structural remodeling, were sequenced in 130 unrelated patients with idiopathic DCM. The available relatives of the index patient carrying an identified mutation and 200 unrelated ethnically matched healthy individuals used as the controls were genotyped for GATA5. The functional characteristics of the mutant GATA5 were analyzed in contrast to its wild-type counterpart by using a dual-luciferase reporter assay system. As a result, a novel heterozygous GATA5 mutation, p.G240D, was identified in a family with DCM inherited in an autosomal dominant pattern, which co-segregated with DCM in the family with complete penetrance. The missense mutation was absent in 400 reference chromosomes and the altered amino acid was completely conserved evolutionarily across species. Functional analyses revealed that the GATA5 mutant was associated with significantly diminished transcriptional activity. This study firstly links GATA5 mutation to DCM, which provides novel insight into the molecular mechanisms of DCM, suggesting a potential molecular target for the prenatal prophylaxis and allele-specific treatment of DCM.
Introduction
Dilated cardiomyopathy (DCM) is a progressive myocardial disease of unknown etiology characterized by left ventricular dilation and contractile dysfunction with normal ventricular wall thickness (1) . It is the most common type of primary cardiomyopathy, with an estimated prevalence of 1 in 2,500 individuals (1) . DCM may lead to ventricular systolic dysfunction and progressive heart failure, ventricular and supraventricular arrhythmias, conduction system anomalies, thromboembolic events and sudden cardiac death (1) (2) (3) (4) (5) . Indeed, DCM is the third most common cause of heart failure and the most frequent reason for heart transplantation (1) . A broad range of acquired causes have been implicated in the pathogenesis of DCM, including viral infections that often induce myocarditis, cardiac toxins or toxic chemotherapeutic agents, the chronic excessive consumption of alcohol, autoimmune abnormality and mitochondrial, metabolic, endocrinal or nutritional disorders (1, (6) (7) (8) (9) . However, following a thorough review of secondary causes, a substantial portion of DCM cases remain unexplained and such DCM is defined as idiopathic DCM, among which 25-50% of DCM cases occur in at least two closely related family members, hence termed familial DCM (10) . Aggregating evidence has demonstrated that genetic defects play a crucial role in the development of DCM, and mutations in >60 genes have been associated with DCM (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Among the DCM-associated genes, the majority encode sarcomeric, Z-disc and cytoskeletal proteines that are responsible for the generation and transmission of contractile force, and are inherited predominantly in an autosomal dominant mode, with the autosomal recessive, X-linked, or mitochondrial mode of inheritance less frequent (10) . Nevertheless, these established DCM-associated genes only account for less than a third of the examined cases and each gene has a low mutational frequency, with the majority occurring in <1% of patients with DCM (23) . Therefore, the genetic components underpinning DCM in an overwhelming majority of patients remain to be identified.
Previous studies have underscored the pivotal roles of the cardiac transcription factors in cardiac morphogenesis and the proliferation, specification and differentiation of cardiomyocytes, including the GATA zinc finger-containing transcription factor and the NK homeodomain transcription factor families (24) (25) (26) (27) (28) (29) ; a great number of mutations in GATA binding protein (GATA)4, GATA5, GATA6 and NK2 transcription factor related, locus 5 (NKX2.5) have shown to be been involved in various congenital cardiovascular malformations and arrhythmias in humans, including atrial septal defect, ventricular septal defect, tetralogy of Fallot, double outlets of the right ventricle, endocardial cushion defect, atrial fibrillation and cardiac conduction block . Furthermore, GATA4, GATA6 and NKX2.5 have also been causally linked to human DCM (16) (17) (18) (19) (20) . Given that the expression profile and functional characteristics of GATA5 overlap at least in part with those of GATA4, GATA6 and NKX2.5, and that GATA5 physically interacts with NKX2.5, collaborating to synergistically activate several key cardiac target genes, such as the sarcomeric genes encoding α-myosin heavy chain, β-myosin heavy chain, cardiac troponin C and troponin I, and other genes coding for atrial natriuretic factor (ANF), brain natriuretic peptide and connexin40 (16, 24, 27, (64) (65) (66) (67) (68) , it is justifiable to make a hypothesis that genetically defective GATA5 can contribute to the development of DCM.
Materials and methods
Ethics statement. This study conforms to the principles outlined in the Declaration of Helsinki. The study protocol was reviewed and approved by the local institutional ethics committee of Shanghai Tenth People's Hospital, Tongji University, Shanghai, China. Written informed consent was obtained from all participants or their guardians prior to enrollment in the study.
Study population.
Patients affected with idiopathic DCM were recruited from the Han Chinese population. Prior to recruitment, all patients were evaluated by detailed history, physical examination, chest radiography, electrocardiogram, echocardiography and exercise performance testing. Cardiac catheterization, ventricular angiography and myocardial biopsy were performed only if there was a strong clinical indication. Idiopathic DCM was diagnosed according to the criteria established by the World Health Organization/International Society and Federation of Cardiology Task Force on the Classification of Cardiomyopathy: a left ventricular end-diastolic diameter >27 mm/m 2 and an ejection fraction <40% or fractional shortening <25% in the absence of abnormal loading conditions, coronary artery disease, congenital heart malformations and other systemic disorders (17) (18) (19) 69) . Patients with concomitant disease that may contribute to heart failure, such as coronary artery disease, congenital heart disease, valvular heart disease, viral myocarditis and essential hypertension, were excluded. Familial DCM was defined when DCM occurred in 2 or more first-degree family relatives. The available family members of the index patients were also included in this study and for the deceased or unavailable relatives, the medical records were reviewed. The control population consisted of ethnicallymatched healthy individuals. Peripheral venous blood samples were obtained from all participants.
Mutational scan of GATA5. Genomic DNA was isolated from the peripheral blood leucocytes of each study subject using the Wizard Genomic DNA Purification kit (Promega, Madison, WI, USA). The coding exons and exon-intron boundaries of the GATA5 gene were sequenced in 130 unrelated patients with idiopathic DCM. When a mutation was identified in an index patient, the available relatives of the mutation carrier and 200 unrelated healthy controls were subsequently genotyped for GATA5. The primer pairs used to amplify the coding regions and splice junction sites of GATA5 by polymerase chain reaction (PCR) were designed as previously described (46) . PCR was conducted using HotStar TaqDNA polymerase (Qiagen, Hilden, Germany) on a Veriti Thermal Cycler (Applied Biosystems, Foster, CA, USA) with standard conditions and concentrations of reagents. The amplified product was fractionated on a 1% agarose gel and then extracted using the QIAquick Gel Extraction kit (Qiagen), as described in a previous study of ours (19) . Both strands of each PCR product were sequenced using the BigDye ® Terminator version 3.1 Cycle Sequencing kit under an ABI PRISM 3130 XL DNA Analyzer (both from Applied Biosystems). DNA sequences were analyzed using the DNA Sequencing Analysis Software version 5.1 (Applied Biosystems). The identified sequence variation was verifieded by re-sequencing of an independent PCR-generated amplicon from the same subject. Additionally, for an identified variant, the single nucleotide polymorphism (SNP; http://www.ncbi. nlm.nih.gov/SNP) and human gene mutation (HGM; http:// www.hgmd.org) databases were queried to confirm its novelty.
Alignment of multiple amino acid sequences of GATA5 across species.
The amino acid sequence of human GATA5 was aligned with that of the chimpanzee, rhesus monkey, dog, cattle, mouse, rat, fowl, zebrafish and frog using the online Muscle program (http://www.ebi.ac.uk/Tools/msa/muscle/).
Functional analysis in silico.
The disease-causing potential of a GATA5 sequence variation was predicted by MutationTaster (an online program at http://www.mutationtaster.org), which automatically yields a probability for the variation to be either a pathogenic mutation or a benign polymorphism. Notably, the P-value used here is the probability of the correct prediction (i.e., a value close to 1 indicates a high accuracy of the prediction). Additionally, another online program, PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2), was also used to evaluate the possible effect of an amino acid substitution on the function of GATA5.
Expression plasmids and site-directed mutagenesis. The recombinant expression plasmid, GATA5-pcDNA3.1, was constructed as previously described (46) . The reporter plasmid, ANF-luciferase (ANF-luc), which contains the 2,600-bp 5'-flanking region of the ANF gene, was a kind gift from Dr Ichiro Shiojima at Chiba University School of Medicine, Chiba, Japan.
The identified mutation was introduced into the wild-type GATA5 expression plasmid using a QuickChange II XL SiteDirected Mutagenesis kit (Stratagene, La Jolla, CA, USA) with a complementary pair of primers. The full-length cDNA of mutant GATA5 was sequenced to confirm the desired mutation and to exclude any other non-synonymous variations.
Reporter gene assays. HEK-293 cells (from our cell bank) were seeded in 12-well plates and cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum for 24 h before being transfected with the empty pcDNA3.1 vector, wild-type or mutant GATA5-pcDNA3.1 expression construct along with the Firefly luciferase reporter plasmid. In addition, the Renilla luciferase vector pGL4.75 (hRluc/CMV; Promega) was co-transfected into the cells as an internal control for transfection efficiency. The cells were transfected with 0.4 µg of pcDNA3.1, wild-type or mutant GATA5-pcDNA3.1, 1.0 µg of ANF-luc, and 0.04 µg of pGL4.75 using Lipofectomine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA). For co-transfection experiments, 0.2 µg of wild-type GATA5-pcDNA3.1, 0.2 µg of mutant GATA5-pcDNA3.1, 1.0 µg of ANF-luc and 0.04 µg of pGL4.75 were used. The cells were incubated at 37˚C and harvested 48 h after transfection. The luciferase activity of the lysates was measured using the Dual-Luciferase Reporter assay system (Promega) according to the manufacturer's instructions. The activity of the ANF promoter was presented as the fold activation of Firefly luciferase relative to Renilla luciferase. For wild-type or mutant GATA5, a minimum of 3 independent experiments were performed in triplicate.
Statistical analysis. Continuous variables are expressed as the means ± standard deviation (SD). The Student's unpaired t-test was used to compare the continuous variables between 2 groups. A comparison of the categorical variables between 2 groups was carried out using Pearson's χ 2 test. A two-tailed P-value <0.05 was considered to indicate a statistically significant difference.
Results
Baseline clinical characteristics of the study population. A cohort of 130 genetically unrelated patients with idiopathic DCM was clinically investigated in contrast to 200 unrelated control (healthy) individuals. They had no apparent traditional risk factors predisposing to DCM. All the patients presented with the typical DCM phenotype as previously described (1, (17) (18) (19) 69) . The control individuals had normal echocardiographic parameters without evidence of structural cardiac diseases. The baseline clinical characteristics of the study population are summarized in Table I .
Novel GATA5 mutation identified. By sequence analysis of the GATA5 gene in the 130 unrelated patients with idiopathic DCM, a heterozygous missense mutation was identified in a patient, with a mutational prevalence of approximately 0.77%. Specifically, a substitution of adenine for guanine in the second nucleotide of codon 240 (c.719G>A), predicting the transition of glycine (G) into aspartic acid (D) at amino acid position 240 (p.G240D) was identified in the index patient from family 1. The sequence chromatograms showing the detected heterozygous GATA5 mutation of c.719G>A compared with its control sequence are shown in Fig. 1 . A schematic diagram of GATA5 protein with the identified mutation marked above the structural domains is displayed in Fig. 2 . The mutation was neither detected in the 200 control subjects nor reported in the public databases for human sequence variations, including the SNP and HGM databases, suggesting that it was a novel mutation. The genetic screening of the family of the proband revealed that the mutation was present in all affected family members alive, but absent in unaffected family members examined. Analysis of the pedigree demonstrated that the mutation co-segregated with DCM transmitted as an autosomal dominant trait in the family with complete penetrance. Besides, the father of the proband (I-1), younger sister (II-6) and younger brother (II-7) also had ventricular septal defect together with second-degree atrioventricular block, paroxismal atrial fibrillation and ventricular septal defect, respectively. The pedigree structure of the family is exhibited in Fig. 3 . The phenotypic characteristics and status of GATA5 mutation of the affected family members are provided in Table II .
Alignment of multiple GATA5 protein sequences across species.
A cross-species alignment of GATA5 protein sequences revealed that the altered amino acid, p.G240, was completely conserved evolutionarily in various species (Fig. 4) .
Disease-causing potential analyzed in silico.
The GATA5 sequence variation of c.719G>A was predicted by MutationTaster to be a causative mutation with a P-value of almost 1.0. The corresponding amino acid substitution of p.G240D was also predicted by PolyPhen-2 to be possibly damaging, with a score of 0.968 (sensitivity, 0.61; specificity, 0.93).
Diminished transcriptional activity of the GATA5 mutant.
The same amount (0.4 µg) of wild-type and G240D-mutant GATA5 activated the ANF promoter by ~12-and ~2-fold, respectively (Fig. 5) . When the same amount of wild-type GATA5 (0.2 µg) was co-transfected with G240D-mutant GATA5 (0.2 µg), the induced activation of the ANF promoter was ~4-fold. These results demonstrate that the G240D-mutant GATA5 has a significantly decreased transcriptional activity compared with its wild-type counterpart.
Discussion
In the present study, a novel heterozygous GATA5 mutation, p.G240D, was identified in a family with DCM transmitted in an autosomal dominant manner. In the family, the missense mutation co-segregated with DCM with complete penetrance. This sequence variation altered the amino acid that was completely conserved evolutionarily, and was predicted to be a pathogenic mutation by MutationTaster and PolyPhen-2. Functional assays unveiled that the mutant GATA5 was associated with significantly reduced transcriptional activity. These findings demonstrate that the GATA5 loss-of-function mutation can contribute to the development of DCM. To date, 6 members of the GATA transcription factor family have been identified in vertebrates and parsed into 2 subfamilies based on their expression patterns. GATA1-3 genes are prominently expressed in hematopoietic cell lineages where they regulate differentiation-specific gene expression in T-lymphocytes, erythroid cells and megakaryocytes; GATA4-6 genes are expressed in various mesoderm-and endoderm-derived tissues such as heart, liver, lung, gonad and gut tissues, where they play critical roles in regulating tissuespecific gene expression (70) . In humans, the GATA5 gene was mapped on chromosome 20q13.33 by fluorescence in situ hybridization, which encodes a protein of 396 amino acids (71) . The structural domains of GATA5 comprise 2 transcriptional activation domains (TAD1, amino acids 1-49; TAD2, amino acids 107-154), 2 adjacent zinc fingers (ZF1, amino acids 187-212; ZF2, amino acids 242-266) and 1 nuclear localization signal (NLS, amino acids 226-296). The 2 TADs are crucial for the proper transcriptional activity of GATA5. The C-terminal ZF2 is essential for DNA sequence recognition and binding to the consensus motif (T/A)GATA(A/G), within the promoters of target genes; the N-terminal ZF1 is responsible for sequence specificity and stability of protein-DNA binding, and both ZFs can also interact directly with other regulatory proteins. The NLS is required for the sub-cellular trafficking and nuclear distribution of GATA5 (44) . The GATA5 mutation of p.G240D identified in this study is located in the NLS, and thus may be expected to influence the transcriptional activity of GATA5 by interfering with the nuclear localization of GATA5. It has been validated that GATA5 is an upstream mediator of multiple genes expressed during cardiogenesis, including the ANF gene (72) . Hence, the functional effect of the GATA5 mutation may be ascertained at least in part by analyzing the transcriptional activation of the ANF promoter in appropriate cells. In the present study, the functional characteristics of the novel GATA5 mutation (p.G240D) identified in the patients with familial DCM were explored by transactivational analysis in HEK-293 cells and the results unveiled that the G240D-mutant GATA5 had a significantly reduced transcriptional activity. These data indicate that haploinsufficiency or dominant-negative effect resulted from GATA5 mutation is likely to be an alternative molecular mechanism underlying DCM.
The findings that genetically defective GATA5 confers enhanced susceptibility to DCM may be partially ascribed to the abnormal development of the myocardium. In zebrafish, the depletion of the GATA5 transcription factor has been shown to lead to cardiac morphogenetic defects and the loss of myocardial tissue. In addition, in zebrafish, the Gata5 and Gata6 genes are redundant for the specification of cardiomyocytes. Embryos depleted of these two gene products were heartless and restoring either gene product was sufficient to rescue cardiomyocyte specification. By contrast, embryos depleted of Gata4 and Gata6, or Gata4 and Gata5, developed defective heart tubes, suggesting that a specific pair of GATA transcription factors is essential for cardiomyocyte specification (68) . Moreover, as a negative regulator of myocardial proliferative growth in zebrafish embryos, the GRL transcription factor diminishes cardiomyocyte volume and inhibits cell proliferation, resulting in a marked reduction in heart size. These GRL-induced cardiac effects were counterbalanced by the transcriptional activator Gata5 but not Gata4, which promotes cardiomyocyte expansion in the embryo, suggesting that GRL negatively regulates embryonic heart growth by opposing Gata5 (73) . In mice, the targeted deletion of Gata5 has been shown to result in hypoplastic hearts and partially penetrant bicuspid aortic valves (74) . Furthermore, GATA5 interacts with GATA4 and GATA6 and cooperatively regulates cardiac myocyte proliferation (65, 66) . In a new mouse model with Gata5-mutant allele lacking exons 2 and 3, although Gata5(-/-) mice were viable, Gata4(+/-)5(-/-) mutants died at mid-gestation and exhibited profound cardiovascular defects, including abnormalities of cardiomyocyte proliferation and cardiac chamber maturation (66) . In double-gene deletion mouse models, compound Gata4/Gata5 and Gata5/Gata6 mutants died embryonically or perinatally due to severe congenital heart defects. Almost all Gata4(+/-)Gata5(+/-) mutant embryos had double outlet right ventricles and large ventricular septal defects. The compound loss of a Gata5 and a Gata6 allele also led to double outlet right ventricles associated with subaortic ventricular septal defects (65) . Taken together, these results highlight the existence of important genetic interactions between GATA5 and the two other cardiac GATA factors in cardiovascular development.
In humans, a great number of GATA5 mutations have been previously associated with various congenital cardiovascular deformities, including atrial septal defect, ventricular septal defect, tetralogy of Fallot, double outlet right ventricle, aortic stenosis, patent ductus arteriosus and bicuspid aortic valve (40) (41) (42) (43) (44) . In the present study, all the mutation carriers had DCM, but only 2 mutation carriers also had ventricular septal defect. The pronunced discrepancy in the GATA5-related phenotypes may be explained by one or more of the following reasons. Firstly, since some developmental anomalies in cardiac structure may be restored spontaneously, we cannot rule out the possibility that some mutation carriers had minor cardiac septal defects that healed on their own soon after birth. In addition, distinct genetic backgrounds may partially account for the phenotypic heterogeneity. Finally, mutations such as p.G240D may be merely a genetic modifier that confers vulnerability to the diseases, rather than a direct cause, other genetic determinants and environmental risk factors may be required for the onset of congenital heart diseases.
In conclusion, to the best of our knowledge, this is the first study on the association of GATA5 loss-of-function mutation with increased susceptibility to human DCM, which provides novel insight into the molecular mechanisms responsible for DCM, suggesting a potential molecular target for the antenatal prevention and gene-specific treatment of DCM.
